We report a theoretical study of the title four-atom atmospheric reaction for a range of translational energies 0.1 e E tr /kcal mol -1 e 40 and the range 13 e V′′ e 27 of vibrational quantum numbers of the oxygen molecule. All calculations have employed the quasiclassical trajectory method, and a realistic potential energy surface obtained by using the double many-body expansion (DMBE) method for ground-state HO 3 .
Introduction
The hydrogen-oxygen systems are very important in atmospheric chemistry, 1,2 combustion chemistry, 3 and laser processes. 4 In particular, the reaction which is a source of vibrationally excited HO(Ve9), has been extensively studied. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Moreover, several theoretical and experimental results on the quenching of HO(V′) in collisions with Ar, 19 ,20 N 2 , 21 CO 2 , 22 and O 2 22,23 have been reported. In addition, an aborted chemical reaction mechanism has been proposed 23 to explain the high efficiency in the relaxation process of HO(V′) by O 2 , the authors having utilized for this purpose their own model of the potential energy surface for ground-state HO 3 . From this work, Shalashilin et al. 23 have conjectured that the reaction is not dominant, and recognized that it is an open problem that requires further study. Moreover, although lying energetically higher, there is another possible reactive channel leading to ozone formation Thus, the HO + O 2 reaction may provide an interesting example of a multichannel reactive process whose outcoming products may be controlled through appropriate selection of the energy contents of the reactant species. This topic will be explored in this and subsequent publications, as well as the vibrational relaxation process. In summary, the title reaction in its most generalized form HO(V′) + O 2 (V′′) may be a potential source of both HO 2 and O 3 , which are vital natural species in atmospheric chemistry.
A major goal of the present work is therefore to report a detailed theoretical study of the title branching reaction by using the quasiclassical trajectory (QCT) method and a recently reported 24 single-valued double many-body expansion (DMBE) potential energy surface for the electronic ground state of HO 3 ; throughout the paper, the absence of a specific vibrational state in the reactants implies that the corresponding species is in its ground vibrational state, e.g., HO ≡ HO(V′)0). It should be noted that the HO 3 DMBE potential energy surface has been extensively used to study the inverse title reaction 25, 26 and the reverse of the reaction 3. [27] [28] [29] In both cases there was good agreement with the available experimental data.
The paper is organized as follows. Section 2 provides a brief survey of the HO 3 ( 2 A) DMBE potential energy surface, while the computational method is described in section 3. The results are presented and discussed in section 4, while the major conclusions are in section 5.
Potential Energy Surface
All calculations reported in this work have employed a sixdimensional (6D) DMBE potential energy surface 24 for the electronic ground state of HO 3 . Since it has been described in detail elsewhere, 24 we focus here on its main topographical features which are of interest for the title reaction. Figure 1 shows a perspective view of the HO 3 potential energy surface for the regions of configurational space with relevance for the studied reaction. The x-axis represents the Figure 2 . Also shown in this figure is the energetics of the various combinations of vibrational quantum numbers according to the HO 3 DMBE potential energy surface. Note that the title reaction is feasible for the complete range of translational energies only for vibrational quantum numbers V′′ g 13. However, for the case of ozone formation, such a reaction is energetically allowed only when the vibrational quantum number of the oxygen molecule is higher than V′′ ) 22.
Computational Procedures
The QCT method has been used in the present work to study the HO(V′) + O 2 (V′′) reaction. To run the classical trajectories we have utilized an extensively adapted version of the MER-CURY 30 code which accommodates the HO 3 DMBE potential energy surface and makes the appropriate assignment of the reactive channels. Calculations have been carried for diatomdiatom translational energies in the range 0.1 e E tr /kcal mol -1 e 40, as specified in Table 1 . In all cases the initial rotational quantum numbers of the colliding O 2 and HO molecules have been fixed at the ground level (j HO ) j O2 ) 1) and the HO molecule kept in its ground vibrational state. The determination of the step size for numerical integration has been done by trial and error on the basis of accuracy requirements. A value of 1.5 × 10 -16 s has been found sufficient to warrant conservation of energy to better then 2 parts in 10 5 . In turn, the diatomicdiatomic initial separation has been fixed at 8 Å, a value sufficiently large to make the interaction negligible. To select the maximum value of the impact parameter (b max ) which leads to reaction, we have followed the usual procedure by computing batches of 100 trajectories for fixed values of b. This procedure should allow an accuracy in b max of about (0.1 Å; the calculated values are reported in Table 1 . Batches of 3000 trajectories have then been carried out for each translational energy and vibrational combination making a total of about 8 × 10 4 trajectories. Such a number of trajectories has been found enough to yield reactive cross sections with an error of typically a few percent.
For a specified translational energy, the reactive cross sections are given by and the associated 68% uncertainties are where N 0V′′ r is the number of reactive trajectories in a total of N 0V′′ for the combination (0, V′′) of the vibrational quantum numbers of the colliding molecules, and P 0V′′ ) N 0V′′ r /N 0V′′ is the reactive probability. From the reactive cross section and assuming a Maxwell-Boltzmann distribution over the translational energy (E tr ), the specific thermal rate coefficients are obtained as where is the factor that accounts for the electronic degeneracies in the title reaction, k B is the Boltzmann constant, µ is the reduced mass of the colliding diatomic particles, and T is the temperature. where the indices a, b, and c label the three oxygen atoms. In the cases of indistinguishable atoms, the reactions in eq 11 and eq 12 have similar probabilities of occurrence. In turn, the probability of reaction 10 is very small (or zero), which may be attributed to the fact that the HO bond is very strong, especially in its ground vibrational level. Such a result is consistent with the findings reported in ref 25 in connection with the occurrence of the inverse reaction only via an oxygenatom abstraction path. For the vibrational combination (0,27), with translational energies 20 and 40 kcal mol -1 , other channels become open as shown in Table 2 .
Results and Discussion
4.1. Dynamical Features. Figure 3 shows the dependence of the maximum impact parameter with translational energy for the formation of HO 2 . For vibrational quantum numbers V′′ ) 16 and 27, the value of b max increases with decreasing translational energy while, for higher translational energies, b max is essentially constant or slightly increases with E tr . Thus, in the first case, we expect that HO 2 formation is dictated by a capture-type mechanism where long-range forces play an important role. Conversely, the second regime is more typical 
of a reaction with a threshold energy. Such a dependence of b max on E tr may therefore be rationalized as follows. The dominant interaction between HO and O 2 is, at large distances, of the dipole-quadrupole electrostatic type. Since the O 2 molecule is vibrationally excited (and this stretching leads to an increase of its electric quadrupole moment), one may then expect a more attractive long-range interaction. This may explain why b max increases with decreasing translational energy. Conversely, for high translational energies, long-range forces are less important with translational energy in the reactive channel leading only to a small increase in b max . Figure 4a ,b shows the opacity functions (i.e., the reactive probability vs impact parameter) for low and high translational energies, and some vibrational combinations. For clarity only, the cases of E tr ) 0.1 kcal mol -1 (V′′ ) 16) and E tr ) 1.0 kcal mol -1 (V′′ ) 27) are shown in Figure 4a , while in the high translation energy cases, they have been selected to show the typical shape and order of magnitude of the reactive probabilities. Note that the abcissae in these plots are b/b max , with b max being the largest impact parameter found for all batches that were run in the present work (5.2 Å). The notable feature from these figures is perhaps the fact that the opacity function shows two different patterns. For high translational energies, the opacity function has a bell shape (more common for reactions that have a threshold energy), while for low translational energies, it increases with impact parameter showing the effect of long-range forces. This can be explained as follows. First, one expects 25 a fall-off in reactivity with increasing impact parameter since, for a fixed translational energy, this would lead to an increase of the centrifugal barrier. On the other hand, as it has already been pointed out (note that the O 2 molecule is vibrationally excited, and hence has an increased electric quadrupole moment), long-range forces lead us to expect an increase of reactivity for large impact parameters. It is from this balance that the shape of the opacity function is defined at large values of b. For small b values, the small reactivity may be explained from the overlap of the electronic densities of the interacting species, which is likely to lead on average to an increase of the repulsive forces, at least over the investigated range of translational energies. The bell shape of the opacity functions for higher collisional energies may be similarly rationalized from the effects associated with translational energy (taking in consideration also the highly repulsive character of the regions of the potential energy surface sampled by the lowimpact collisions), and height of the centrifugal barrier. Figure 5 shows interatomic distance vs time plots for typical trajectories leading to formation of HO 2 in the "capture-type" and "barrier-type" regimes (these are defined from the shape of the associated excitation function, i.e., σ r vs E tr curves to be discussed later), with examples being given of short-lived and long-lived trajectories. Clearly, on an average sense, long-lived trajectories are more likely expected to occur in the capturetype regime.
As a model to evaluate the average lifetime of the complex, we have defined the latter as a species in which all atomic distances were smaller than 1.36 times the largest interatomic distance in the geometry corresponding to equilibrium HO 3 . 24 Thus, a complex has been assumed to be formed whenever all interatomic distances are smaller than that distance, and to cease to exist whenever one of the interatomic distances exceeded such a value without returning to it. Clearly, this definition of complex is seen from Figure 5 to mimic well what is obtained in the corresponding distance vs time plots. We also note from the displayed trajectories that the reaction tends to proceed by breaking the O 2 bond; i.e., the oxygen atom of HO attacks one of the atoms of O 2 to form nascent HO 2 radicals.
Using the above definition of complex, we have estimated the average lifetime of the HO 3 complexes for a typical capturetype (O 2 (V)27), E tr ) 1 kcal mol -1 ) process to be 0.226 ps, while for the barrier-type process (O 2 (V)13), E tr ) 10 kcal mol -1 ) it was 0.128 ps. Similar results have been obtained for the corresponding capture regime in the studies of refs 25 and 31. Note that the complex lifetimes estimated in the present work are sufficient to allow many oscillations in the vibrational modes of the complex, thus warranting the possibility of internal energy exchange. Figure 6 shows the scattering angle distribution for the combination (0,27) and several translational energies, while Table 3 gives its average value. It is seen that this decreases with increasing translational energy, a result which may be explained from the fact that the complex lifetime decreases with translational energy. Such a result is also corroborated from the impact parameter vs E tr curve. In fact, for E tr ) 1 kcal mol -1 , the number of reactive trajectories increases with impact parameter (Figure 4a ) which is largest (5.2 Å) for this energy. As a result, the scattering angle is expected to be small on average. A corresponding analysis may be used to rationalize the values of 〈θ scatt 〉 for other translational energies and vibrational combinations. Figure 7 shows the products energy distribution for the vibrational combination (0,27) and initial translational energies 1, 10, and 40 kcal mol -1 . Clearly, the outcoming HO 2 molecules have a considerable internal energy content, with a significant part of it being in the rotational degrees of freedom. Thus, part of the translational and vibrational energies in the reactants has been converted to rotational energy in the products.
Energetic Features.
The product energy distributions for the translational and rotational degrees of freedom are also qualitatively similar for all values of E tr . This observation may be rationalized from the fact that most of the relative translational energy is initially used to overpass the potential energy barrier. Since, immediately before formation of the complex, both the translational and rotational degrees of freedom are likely to have been reduced to a minimum amount, it is reasonable to expect that similar distributions may also be observed in the exit channel. Indeed, a similar trend is found for other initial vibrational combinations (not shown).
The partitioning of the energy release in the product molecules is also shown in Table 4 . As expected from the analysis of Figure 7 , we find similar average values for the translational and rotational energies which are obtained as usual from the code output. The notable feature is perhaps the fact that the average value of the vibrational energy of the HO 2 radical represents more than half of the total energy of the products. It is also interesting to note that the distributions shown in Table  4 are very similar for 1 and 10 kcal mol -1 , although these translational energies correspond to two different regimes (capture-type and barrier-type). Note that, except for the lowest translational energies and vibrational combinations (0, 13) and (0, 16), the average vibrational energy of the product HO 2 molecules is higher than the corresponding zero-point energy 32 of the triatomic (5.4 kcal mol -1 ). However, somewhat unexpected, a significant fraction of the nonreactive trajectories leads to an HO molecule with an energy below its zero-point value (1.484 kcal mol -1 ). Thus, although we may safely ignore in the present study the problem of zero-point energy leakage (for a few references on this issue, see refs 33-39) in the reactive trajectories, this is not quite so if all trajectories are considered. Indeed, about 20-30% of the nonreactive HO species end up below its zero-point energy value. If one assumes that some of these trajectories become reactive when the flow of energy in the vibrational modes is constrained to keep at least its minimum energy content, then we may say that the calculated reactivities are probably underestimated. An answer to this problem has to await until quantum dynamical calculations are carried out for the title reaction.
In Figure 8 we show the vibrational-rotational distribution of HO 2 for the vibrational combination (0,27) at two distinct energies (1 and 10 kcal mol -1 ). The dash-dotted line indicates the threshold energy for dissociation of HO 2 into HO + O. In turn, the dashed lines correspond to E vib + E rot ) 〈E vib + E rot 〉 while the solid ones refer to E vib + E rot ) 〈E vib + E rot + E tr 〉. Of course, in both cases, all points must lie below the line associated to E vib + E rot ) 〈E vib + E rot + E tr 〉 (they should form a microcanonical ensemble if they all lied on the displayed dashed straight line).
Reactive Cross Section.
We now examine the shape of the excitation functions (cross section vs translational energy) which are shown in Figure 9 together with the associated 68% error bars for formation of HO 2 + O. There are two opposite trends which explain their shapes. At low energies, the capturetype regime dominates leading to the well established (e.g., refs 25, 31, 40, and references therein) decreasing dependence of σ r with E tr . At high energies, one observes the common pattern found in reactions which have an energy threshold; i.e., σ r is an increasing function of E tr . As a result, the excitation function shows a minimum in the region where the two effects balance each other.
To investigate the effect of rotation, we have carried out calculations at two translational energies by choosing the reactants, for the vibrational combination (0,27), to be in the rotational states j HO ) 10 27 and j O2 ) 9 41 (which correspond approximately to their optimum populations). The calculated cross sections are, for E tr ) 10 and 40 kcal mol -1 , respectively, σ r ) 3.2 Å 2 and σ r ) 5.1 Å 2 . Moreover, we have calculated a cross section for E tr ) 40 kcal mol -1 , considering only the rotation in O 2 ; the result was σ r ) 3.3 Å 2 . Clearly, the inclusion of rotational excitation in HO has a significant effect on the reactive probability only at low energies. This is probably due to (primarily) an increase of the available energy content and orientational effects, with the latter being expected to be more relevant at low energies since the molecules have then time to reorient and find the optimum orientation for reaction. This issue will hopefully be explored in further detail in future work.
To analytically describe the dependence of the cross section with the translational energy, we have adopted the form where V th is a threshold vibrational quantum number, m ) 0.008 (kcal mol -1 ) -1 is a decay factor (assumed to be constant for all cases), and the coefficient B V′′ is a function of the vibrational quantum number. Note that the power of E tr in the capturetype contribution (i.e., the first term in eq 13) has been fixed at n ) 1 / 2 , which may be justified from the values expected for the E tr dependence of the cross section in the case of a dipolequadrupole interaction (i.e., n ) 2 / 4 ). For B V′′ we have assumed a Taylor series expansion up to the fifth order around V′′ ) 13, namely with the parameters C and b k being determined from a leastsquares fitting procedure; their optimum numerical values are reported in Table 5 . The fitted functions are shown together with the calculated points in Figure 9 . It is seen that eq 13 reproduces well the calculated points. Also shown in this figure is the curve for V′′ ) 20, and the two calculated points for E tr ) 10 and 40 kcal mol -1 (not fitted) for this vibrational combination provide a test of the above analytical expression. Although there are only a few calculated points for very low energies due to their high computational cost, the calculated ones seem sufficient to highlight the involved trends. 
By substitution of eq 13 in eq 8 and performing the integration analytically, the specific thermal rate coefficient k 0V′′ (T) assumes the form where C V′′ ) C(V′′ -13) and Γ(...) is the gamma function. Figure 10 shows the function in eq 15 for vibrational quantum numbers 13, 16, and 27 of the oxygen molecule. A simple algebraic analysis shows that, for T , 1/0.008k B , eq 15 can be approximately expressed as which should therefore be valid for most temperature regimes of practical interest. Moreover, from eq 16, one has For very high temperatures, T . 1/0.008k B , one obtains with the limit being Thus, the limits are essentially determined by the electronic degeneracy factor g e (T). This determines the increase of the specific rate constant for very small temperatures, a feature which may have importance in atmospheric chemistry at high altitudes. For completeness, we also show in Figure 10 the vibrationally averaged thermal rate coefficient where the populations ω V′′ for the vibrational state V′′ have been assumed to be given by that obtained in the 226 nm photolysis of ozone. 42 Although having, of course, some influence on its magnitude, such averaging does not substantially alter the shape of the rate coefficient.
4.4. Other Reactive Channels. Table 2 summarizes the results obtained for other reactive channels when the vibrational quantum number of the oxygen molecule is V′′ ) 27. As seen, such channels have a small reactive cross section. Of particular interest is the channel that leads to ozone formation. Clearly, this process becomes relevant only at high translational energies, as shown in Figure 11 . In this case, the extra calculations done for rotational quantum numbers j HO ) 10 and j O2 ) 9 show that the addition of rotational energy also enhances the formation of such products, especially in the high translational energy regime. This is most likely due to the increase of the available energy content, since orientational effects are expected to be less important at the high energies of relevance in this section (i.e., the molecules do not have time to reorient and find the optimum orientation for reaction).
Conclusions
In spite of its importance, the title multichannel reaction has not been studied so far theoretically due to lack of a realistic potential energy surface. Our motivation in this work has been to cover this gap and hence initiate a series of studies using a DMBE potential energy surface for the ground doublet state of HO 3 recently proposed by one of us. 24 Specifically, we have carried out here a QCT study of the reaction HO + O 2 for the vibrational combinations (V′ ) 0, V′′). The calculations have shown that it occurs for vibrational quantum numbers larger than V′′ ) 13 over the whole range of translational energies. In most cases, no breaking of the HO bond takes place. It has also been shown that the product HO 2 radical is formed with a substantial amount of internal energy, both rotational and vibrational. Moreover, the calculations suggest that the title reaction occurs both via capture-type and barrier-type mecha- 
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∑V′′ ω V′′ k 0V′′ (T) ∑V′′ ω V′′ (20) nisms, for low and higher translational energies, respectively. Finally, the calculations carried for the combination of rotational quantum numbers (j HO ) 10, j O2 ) 9) and for the combination (j HO ) 10, j O2 ) 1) suggest that the rotational excitation of the HO may play a significant role both for the formation of HO 2 and O 3 . We plan to explore such effects as well as the reaction leading to ozone formation in a future publication. Finally, we should mention that no comparison with experimental data was possible since, to our knowledge, no such data exists in the literature. We hope that the present study may stimulate such work especially using laser techniques which allow the preparation of vibrationally hot reactant molecules. Through such techniques, it may be possible to control the outcomes of the title reaction.
